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SUMMARY

JohnR.Meyer,Jr.

Inflowdistributions,azimuthandspanwise,weredeterminedanalyt-
icallyfrommeasuredpressuredistributionsandblade-motiondataona
modelhelicopterrotorbladeunderhoveringandsimulatedforwsrd-flight
conditions.Pressuresandcorrespondingbladeflappingwererecorded
forvariousrotorconditionsattip-speedratiosof 0.10to 1.CO. In-
cludedinthisrangeareone-bladed-rotoroperationeffects,deliberate
bladestall,titsontheeffectsofcyclicpitch,andtestsona rotor
witha 13-percent-offsetflappinghinge.Sincetheoffset-fhpp@-
hingerotorwasusedprimarilyas a meansofalleviatingstaU inorder
to obtaininflowdataathightip-speedratiosv inthevicinityof
1.0,no cyclicpitchwasusedtobalanceoutthehubmomentsresulting
fromtheincorporationofoffsethinges.It is these mometis W* me
theprimarysourceofthestallalleviation.

-es ofthedatame presefiedintheformofrawdata,span-
wiseloadings,andplotsofinflowratioagainstazimuth.Forrotor
operationat v = 0.30,zero-and13-percentoffsets,additionalplots
ofloadingandinflowratiocontoursarepresetiedforcomparison.

Theinflowplotsindicatevariationsverydifferentfromtheuni-
fofidistributionswhichsresometimesassociatedwitha rotordisk.
An extensiveinvestigationofthe p = 0.30,zero-offsetrotorcondi-
tionshowsthatlargerinflowvariationsthanpredictedbytheorycan
exist;however,upflowovertheforwardportionofthediskandrela-
tivelylargeinducedvelocityatthetrailingedgeareverified.The
inflowpatternsforthezero-offsetand13-percent-offsetrotorsunder
thesameconditionsofoperation,exceptforthepresenceofhub
momentsintheoffset-hingecase,arefoundtobe verydifferentin
generalcharacter.
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2 NACATN 3492

Supplemarbsryinformationconcerning
blademotion,measuredforcesandmoments
andadditionalrecordedpressuredataare

.

reverse-floweffectsonoffset--
ona typicaloffsetmodelrotor, /
alsoincluded. 1

INTRODUCTION

Therearemanyinstancesinhelicopterdesignwheremuchcanbe
gainedfrm a knowledgeofthecorrectinducedvelocityorinflowdis-
tributionthroughouttherotordisk. Solutionsoftheproblemsof
excessivevibration,structuralfatigue,roughnessof control,and
rotorinterferenceswouldbecomemoreevidentifthenatureofthe
rotordisturbanceswasknown.At least,witha reasonablelmowledge
of inflowvariations,itmaybe possibleto designawayfromthese
adversecharacteristics.

Theavailablecurrentexperimentalinflowdataarenotadequateto
permita thoroughevaluationofexistingtheories.Withtheexception
ofthehoveringcondition,therefore,onlya limitedamountofmaterial
hasbeenpublishedaboubthecorrelationbetweeninflowtheoryandex-
periment.Inreference1,longitudinalinflowvsriationsweredeter- r)
minedfromflightsmoketraces.Eachplottedvariationrepresentsthe
averageofdataobtainedbetweenthecenteroftherotorandhalfway
to itslateraltip. TheagreementswithbothColeman’sandMangler’s
theoreticalstudies,references2 and3,respectively,areshowntobe o
reasonable.It ispossible,however,thattheagreementbetweenrefer-
ences1 and3 maybemisleadinginthatit suggeststheuseoftheory
inthepredictionofinflowovertheentirediskonthebasisoflimi-
ted comparison.

Ifthesmoketechniqueofreference1 couldhavebeenappliedto
moreoftherotordiskandthetestscouldhavebeenconductedonthe
retreatingpartoftherotordisk,itispossiblethattheforwardand
resrwardorlongitudinal.inflowvariationswouldnothaveagreedso
weld_withthetheoriesofreferences2 and3. It isalsobelieved
thattheseverestinflowvariationsoccurintheoutboardannulusof
thediskand,therefore,anyexperimentalprogrsmshouldincludethis
region.Furtherexperhentalstudyiswarrantedandadditionalcom-
parisonswiththeorysredesirable.

Directpressureandbladeflappingmeasurementsona rotating
bladeoffera possiblemeansofobtaininginflowdistributionsrather
convenientlye,Thepresentprogramwasconce~d primarilywiththe
experimentaldeterminantionofpressuredistributionsandcorresponding
blade-motiondataona modelrotorbladeandwiththepossibilityof
obtaininginflowdistributionstherefrmn.
mostpartwereselectedasrepresetiative
operation.

Rotorconditionsforthe
ofpossiblefull-scalerotor

.
.
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Sincenoforceandmomentdata
available,itwasdesirableto

foroffset-fhpping-hingerotors
obtainsomeinformationforcorre-

lationwithth~theorypreviouslydevelopedinreference4..“The
program,therefore,hasincludeda brief-e~erimentalforceandmoment
studyona typicaloffsetmodelrotorhavingno cyc~cpitch.

As a matterofrefinement,reverse-floweffecthasbeenintroduced
inthebladeflappinganalysisofreference4 anda comparisonhasbeen
madewiththetheoryexcludingreverse-floweffectaswellaswithex-
perhnentalresults.

ThisinvestigationwasconductedatMassachusettsInstituteof
Technologyunderthesponsorshipandwiththefinancialassistanceof
theNatio&lAdvisory&mmittee-
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totaldiskarea,sqft

meanbladepitchangle

liftslope,perradian

rotorconingangle

coefficientofcosn~

coefficientofsinn~

forAeronautics.

SYMBOLS

in expressionfor ~

inexpressionfor e

nmiberofbladesperrotor

coefficientof sinn~ in expressionfor f3

dragcoefficient,D/qA

liftcoefficient,L/@

rolllng-momentcoefficient,L’/@

pitching-momentcoefficient,M/qA

yawing-momentcoefficient,N/@
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coefficient,Y/@

chord,ftumlessothetisestated

flapping-hingeoffset,ftunlessotherwisestated

blademass“mmnent

relativepower

m, U)

ofinertiaaboutflappinghinge,slug-fi2

rollingmoment,ft-lb

blade-elementloadingatradiusr atanyazimuth,lb/ftunless
otherwisestated

,
pitchingmmnent,ft-lb

massofbladeperfootofradius,slugs/ft

totalmassofblade,slugs

Y’s@ moment,H-1b .

rotortorque,flAh

-c pressure,PV2/2,lb/sqft

bladeradius,ftunlessotherwisestated

radialdistanceto bladeelement,ftunlessotherwisestated

rotorthrust,lb

componentatbladeelementofresultantvelocityperpendicular
bothtoblade-spanaxisandto ~, ft/sec

componentatbhde elementofresult- velocityperpendictir
to blade-spanaxisandto axisofnofeathering,fi/sec

trueairspeedofhelicopteralongflightpath,ft/sec . c
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inducedinflowvelocityatrotor,ft/sec

inducedinflowvelocityat spanstationr atanyazimuth,
ft/sec

5

ratioofblade-elementradiusto rotor-bladeradius,r/R

chordwisedistance,ftunlessotherwisestated

rotorangleofattack;anglebetweenaxisofnofeatheringand
lineperpendicularto flightpath,positivewhenaxisis
pointingrearward,radiansunlessotherwisestated

blade-elementangleofattack,radiansunlessotherwisestated

bladeflappingangleatparticularazimuth,ao - al cos~ -
blsin~-a2cos~-b2 sin~-. ..,radiansumless
otherwisestated

massconstantofrotorblade,CPaR4/11

blade-sectionpitchangle,A. -B1sin~- . . ..radians
unlessotherwisestated

,

inflowratio,(vsinu- V)/m

inflowratioat spanstationr atanyazimuth

tip-speedratio,(vCosa)/m

flapping-hingeoffsetratio,e/R

massdensityofair,slugs/cufi

rotorsolidity,bc/~ #

bladeazimuthanglemeasuredfromdownwindpositionindirec-
tionofrotation,radiansunlessotherwisestated

rotorangularvelocity,radians/see

Forthe
was thesame

APPARATUSANDMETHODS

mostpart,theappmatususedinthepresent.investigation
asthatdescribedinreference5. Testprocedurewas

. .. . —...—. —. —. —. —— .—z ——. — .—



6 NACATN 3492

similarandthesanezero-and13-yercent-offsetflapping-hingerotors
wereempl~ed.Figures1 to4 summarizethebladegeometry,wind-tunnel
controlandrecordingequipment,rotorinstallations,androtorhub
details.b brief,therotorwastwobladedwitha dismeterof5 feet
andhada 3-inchconstant-chordbladewithanNACA001~profile.The
steel-spszandbalsa-woodbladeconstructionresultedina sectionstiff-
nessof43,000pound-inchessquaredanda uniformmassdistributionof
0.0178slugperfoot.Thesebladeswereusedonboththezero-and
13-percentoffsetrotcn-s.

A moreversatileandconvenientmeasuringsystemreplacedtheautosyn
systemofreference5 intherecordingofbladeflappingmotion.The
rotorofa small_ capaciturwascoupledtotheflapping-hingepin
throughgearswhichservedtoamplifytheblademotion.Thegeneral
installationandgearingdetailscanbeseeninfigure5. !l?hevariable
capacitorwasusedin serieswitha 1,000-cyclesource,amp~fier,and
rectifier.Theresultingsignal,recordedonan oscill.ograph,wasa
singletracewhoseamplitudewasproportionaltotheangulardisplacement
oftheblade.Simultaneouslyrecordedwasa zeroreferencesetrelative
to therotorshaftaxiswhich,inallbutonetestcondition,corresponded
totheaxisofno feathw~. Thecalibrationcurveoftherecording
eqyipmentwaslinearovera *20°range,andthesensitivitywasofthe
orderof100/inchofgalvancmneterdeflection.Samplerecordsofblade
motionarepresentedinfigure6. ~

Themethd ofdynamiccalilmationofthepressure-measuringequip-
mentessentiallyfollowedthemethodoutlinedinreference5 withthe
exceptionoftwochanges.Thevacuum-tubeflush-mepressurestandard
wasreplacedby a Stathampressmegage,modelP6-5D-350,anddifferent
amountsofleadintheelectricalcircuitwereusedforeachspanstation.
Theintroductionofvariableleadmadeitpossibleto controlamplitude
distortionwithfrequency.Theamplitudedynamicresponseofthepressure-
measuringsystemappearsinfigure8. Itcanbeseenfromthefigurethat
thefrequency-responsecharacteristicsofthepressure-measuringsystem
arenotaltogethersatisfactoryatfrequencieshigherthanthesecond.
Smallerrorsinaerodynamicloadingsreintroducedasa resultandmaybe
significantinthereverse-flowregionoftherotordiskwhererelatively
lowvsluesofpressureoccurandthehigherharmoniccomponentsareof
thesameorderofmagnitudeasthefirst.Althoughthisconsideration
mightaffecttheabsolutemagnitudeofthedownwashintheseareas,it is
expectedthattheoveralltrendsindicatedby thedataarecorrect.

Thedistributionofinflowthrougha rotordiskfromexperimental
aerodynamicloadingandblade-motiontitswasdeterminedasfollows:From
thecontinuouspressure-differencetracesobtainedata nmiberofpoints
inthechordwiseandspanwisedirections,thespanwiseaerodynamicloading
wasfoundat specificazimuths.Thebladewasthendividedintoa number
ofelementsinthespanwisedirection.Fara givenoperatingcondition,

— — —. —-
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azimuth,andbladeradius,sm elementalloading& wasobtatiedfrom
whichtheblade-elementangleofattackar wascalculatedforan
assumedvalueofEft slope.Thus,

%
%=—

j3acuT2

whichalsohadtheequivalentform

where

Up=?y!JR-(r- e)$. p$lRpcosv

UT = fl(r+ pR sinv)

j3.~- alcos~-blsin ~-.. .

e =’53

Substitutionoftheabovequantitiesintothesecondrelationfor
blade-elementangleofattackyieldsthefollowingexpressionforblade-
elementinflow:

Itisevidentthattheblade-motiondataareneededinthefinal
computationoftheinflowdistribution.Theflappingcoefficientswere
determinedfroma graphicalharmonicanalysisoftherecordedblade-
motiondata.TheresultsarelistedintableI.

———______ _— - .— -— -—
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Themounting rodsof
redesignedto accommodate

the
the

rotorinstallationshowninfigure7 were
supportsystemoftheM.1.T.WrightI&others !

tunnel,whichhasa 7*- by 10-foottestsection.Thistunnelwasused

fortheforceandmomentmeasurementsona @ical offsetrotor.

No correctionswereappliedtothetitsto accountfortheeffects
oftunnel-waUinterferenceonthemeanangleofattackoftherotoror
to thesngle-of-attackdistribtiionovertherotor.Althoughsuchcor-
rectionsmightaffectthemagnitudesoftheresultantdownwashto some
exknt,particularlyatthehigherHft coefficients,it isexpectedthat
theywouldnotsigoificantlyinfluencetheoverallconclusionsthatare
drawnfromtheresults.

RESULTS”ANDDISCUSSION

HOVERING

Theproblemofthedeterminationofinducedvelocityorinflow
distributioninthehoveringcasehasbeenadequatelysolvedbyboth u

theoreticalandexperimentalmethods.Thesolutionsinreferences6 and
7 tietwoillustrations.As anadditionalcheckontheinstrumentation
usedinthecurrentinvestigation,hoveringinflowdistributionwasdeter- .
minedfrome~erimsntalpressuremeasurementsandcomparedwiththetheory
ofreference6. Theresultsareshowninfigure9. Agreementisreason-
able,varyingfroma maximmdiscrepancyof10Tercentitioardto 1>per-
centatthetip. Theexperimentaldatausedto fhd thehoveringinflow
distributionweretakenfromreference5,whichemplwedessentiallythe
samemeasuringequipment.Thetheoryassumesno tiplosses.Thetest
conditicmcorrespondsto a bladepitchsettingof 80,a tipspeedof
209feetpersecond,anda CT/u tiue of0.061.A two-dimensionalvalue
ofliftslopeof5.7perradianwasusedintheanalyticalsolutionfor
thehoveringinflowdistribution.ELgenersl,inflowisreferredtothe
tis orplaneofno featheringandis considerednegativedownwardthrough
thisplane.

Em4m&TmFORWARDImmET

GeneralConsiderationsofBls@e-pping Motion

‘ Thebladeflappiugdatawereusedto correctthelaginthepressure-
measuringsysteminthesamemannerasdescribedinreference5. Insum-
mary,thefactthattheaz~h ofmaximmnflappingcoincideswiththe
azimuthofmaximumaerodynamicmomentestablishesa boundarycondition

0

.—— — — ———. —



9NACATN *92

whichenableslagcorrectionstobemade. Itshouldbe notedthatthese
lagcorrectionsagceedcloselywiththosedeterminedlydynamicc&Kbra-
tionofthepressure-measuringsystemandtherefcmemaybe considered
freefromexcessiveerror.Theazimthofrmd.nmmflappingwasobtained
fromtheblade-flappingresultsoftalleI. As previouslymentioned,
thesecoefficientsweredeterminedfromwaphicalharmonicanalyses.The
flappingcoefficientsforthelastrotorcondition,involti cyclic
pitch,werecorrectedto axisofno feathering.Itwillbe notedthat
forthezero-offsetrotorthechangeto theone-bladedrotorcondition-
didnotappreciablychangetheftist-hamonicf@@ng coefficients.The
q Coefficientsforthe13-percent-offsetrotorareallnegativeand

oppositein signto thoseforthezero-offsetrotor.Thisis character-
isticofthebehaviorofan offsetrotor.Forthetworotorconditions
Ofp= 0.30andO.m, thereductioninflappingdueto offsetcan
readilybe seen.

Thecurvesoffigure10 showthevariationsinbladeflapping,Ili?t,
andrelativepowerfora rotorwitha 10-percentflapping-hingeoffset
andvariousvaluesofblademassconstant.Thechangesinkiftandpower
areseentobe negligible,butthecorrespondingchangesinmaxinmmblade
flappingandflappingcoefficientsarerathersevereandthereforemaynot
beneglected.Itiswellthentonotethattheselectionofblademasscon-
stantformcdeltesting,evenwhencomparativelysmalloffsetsareinvolved,
maybe of importanceinthesimulationoffull-scalebladeflapping.This
briefexper~entalstudyusedtheequipmentpicturedinfigure-7.

Zero-OffsetRotor

Considerationofsecond-andfirst-harmonicpressurevariatims.-
Sincethecurrentzer-offsetpressuredatadifferedfromthedata
recordedinreference5 inthatit containedrelativelylargesecond-
harmonicvariations,itwasfeltadvisabletoinvestigatefirstonerotor
conditionthoroughly.Therotorconditionw . 0.30, E=o, ~=w,
ucl ~ = -5° wasthereforeselectedforstudyandcomparison.The
resultsofthisinvestigationappearinfiguresSLto29.

Thecurvesoffigures11and12sreplotsofthemmrentaerodynamic
dataafterthefirstgraphicalintegration.Thepresenceofthesecond-
harmoniccomponentisevidencedby thesizablevariationsinspanwise
loadingwithazimuth.Thesedataresultina loadingconcentrationabout
the300azimuthnesrthetip. Detailsoftheanal.ysiszoftherotorcon-
ditionp = 0.30 and E . 0 recordedinreference5 arepresentedin
reference8. Comparisonofthe1- curvesofreference8 (fig.15)
withthoseoffigure11 showsthatthedifferencesinloadingappearat
azimuthsof0°,45°,270°,and315°.

—-. -——— --.— —. —.——- -.——— —
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A cmparisonoftheresultinginflowdistributionsat
sentativespanstatiomforthetwotestsunderdiscussion
figure16. Thedashedcurvesrefertothetestresultsof

Ma m %92

tworepre-
is shownin
reference8—

whichfroma practicalviewpointcontainedno second-harmonicpressure
miation. I&much asthemeasuredvaluesofflappingforthetwo
caseswerethesame,thecurvesoffigure16 reflectthechangein
inflowduetothedifferencesi.npressuredataonly. Itistherefore
concludedthattheabsenceorpresenceofsecond—harmonic pressurevaria-
tionsisnota majorfactorintheconsiderationofinflowdistribution.

Itwasexpectedthatthestrongsecmd-harmonicpresswevsriation
wouldappesrintheplotoftotalliftagainstazhxth. Thesolidline
offigure18 istheresultofthedoubleintegrationofthepressure
data.Thepredominantsecondharmonicisevident.Thedashedcurvewas
determinedfromconventionaltheoryusinga 3-percenttiplossin
loadhganda constsntvalueof A. Thetheoreticalcurvesubstantiates
theexperhentalresults.

Simcetherotorunderdiscussionhadzero-offsethinges,anysizable
first-harmonicaerodynamicmomentwouldindicatefaultyinslmxnentation.
Therefore,itwasnecessaryto determinethetotalaerodynamic-moment
variationandanalyzetheresultharmonicallyin ordertoprovethe
validityoftherecordeddata.

.
A semigraphicalintegrationmethcxlwas

usedto computethetotalaerodynamic-momentvariationusingtheloading
dataoffigureIl. Thefirst-harmoniccomponentwasthenremovedand
theremaidngmment curvecomp=edwiththetotal.As canbe seenfrom ?
thecomparisoninfigure13,thefirst-hamnoniccontributionisnegMgible.

Comparisenoftheoryandexperiment.- Figure14 givestheinflow
distributionfromtheexperimentalloadingandblade-mcrtiondataprevlously
discussedinthissection.Itcanbe seenthattheinflowis somewhat
uni~ indistributionandisanythingbtiuniform.k theazimuthrange
of45°to 180°notethereversalinthevaluesofinflowovertheblade
spanwitha minimmat x.O.55. Thedashesindicatelocalbladestall,
stallbeingdefinedas ~ ~ 12°. Notetheupwash(upward)trendsat
Y=1200and 2400.Thecontourplotofinflow,figure15,clearlyshows
thesetrends.ThesmaXlheavy-~necircleinthecenterrepresentsthe
areasweptby themodelhubsmdbladeshanks.Thecrescentrepresents
thereverse-fluwregion.Sincetheflightcomponentofinflowv sina
isequalto -0.026,thecontourlineof -0.025istheapproximateboundary
betweenareasofinducedupwashanddownwash.Theareaofupwashis some-
whatundefinedbecauseoftheinboardstsllregionintheretreatinghalE
ofthecycle.Theoccurrenceoftheinboardstallbeforetipstallwas
probablyduetothefollowingtworeasons:Therotorangleofattack
(forwardtilt)wasabout1°lessthantheresrward tiltofthetip-path
planeandthe~esswe wasnotconvertedto Mft butleftasnormalforce. -

.——-— —
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However,itisnotbe13.evedthattheuseofnormalforceforlifthad
anappreciableeffectonthereminingareaoftherotacdisk,wherethe
bladeanglesofattackwererelativelysmall..lhaIlbuttwocases
analyzed(deliberatestaXLand p = 1.0),theexcessivestallregjans
wereminimizedby restrictingrotortestconditionsandtherefarerepre-
sentsmallpercentagesofthetotaldiskarea.

Becauseofthedifferenceintheformofpresentation,@ the
statedorimpliedrotorconditions,directcomparisonofthemodelimfl.ow
dataoffigures14 and 15 with thedatainreferences1,2, 3,and9 is
nottoopractical.However,ofinterestareseveralsimilaritiesand
dissimilmitiesofa generalnature.Considerfirsttheforwxcd andre~-
wardinflowvariationsoftheabovereferences.Sincereference1
includesfcmwardandreamardinflowcomparisonswithreferences2,3,
and9,theimmediatediscussionwiUcMeflyrefertothisoneinvestiga-
tion.Therotorconditionoffigure10,reference1,agreesmoreclosely
withmodeltestingconditionsthantheothertestingconditionsinvesti-
gated.Fcm i = O,thetheoryofreference3 (Manglercurve)yieldsa
variationsimilartotheexperhentalcurve.Thepointsofinterestsre
theupwashshownforthefawardpartoftherota diskandtheqyite
linearvariationthroughout.Theindicatedforwardandrearwardinflow
variationoffigure15 ofthisrepartdiffersintheforwardpartofthe
rotordisk.Theexperimentalmodeldatashowa comparativelylarge
induceddownwashat.theforwardedgeofthedisk,at ~ . 180°,andan
upwashwhichappesrsfairlyabruptlyataboutthe6&percentradiusand
remainstothecenterofthedisk.An approximateaxisofsymmetry
appearsto existaboutthe v.= 3300to150°ld.ne.Themriationfrom
thecentertotherearwardportionofthedisk (~=O”) issimilarto
theoryinthatitissomewhatMnear. Itisbelievedthat,hadthetests
ofreference1 beenconductedontheleftorretreatingpartofthedisk,
largerlateralvariationsofinflowwouldhaveresultedandtheftiing
ofonecurvethroughalltheexperimentaldatawouldnothavebeen
satisfactory,andconsequentlythecomparisonwithreference2 would
havebeendifficult.

Thetheoreticalinducedveloci~contoursfora diskincidenceofOo
presentedinreferences9 and3 (ref.9 isa preliminaryaccountofthe
theoreticaldevelopmentofref.3) canbe comparedwiththeexperimental
inflowcontouroffigure15 forgeneraldifferencesinfeatures.The
mostapparentdifferenceisthelackofsymmetryinthecaseoffigure15;
thevariationsofinflowontheadvancingpartofthecyclediffer
markedlyfromthoseontheretreatingpartofthecycle.Thereisno
provisionforstallinthetheoryandthereforeno stallaieasareindi-
catedonitscontour.Thelargeupwashatthelateraltips (?$=2700
and90°) isnotpresentintheexperimentalcontour,butrathera sizable
downwashat ~ = 270° andnearlyzerovaluesat * .90° arepresent.
Thetheoryandexperimentareinbetteragreementfortherearwar
oftherotordisk.Bothshowlargedownwashatabout~ = 315°A&
anda tiadualincreaseindownwashintheregionabout Y . oo. Itis
apparentthatbettercorrelationbetweentheoryandexperimentisdesired.

— —. —.—-—— —. —. — ———— -....—— ——.-—-— .-———--— -——



12 NACATN ~92

Checkoninflowcalculationmethod.- Inorderto establishthe
valldi~oftheproposedmethodfordetermininginflowfrombladeloading,
itwasconsidereddesirableto cmparea fullcycleofcomputations
startingwithaninitiallyestabld.shedinflow,determiningthecorre-
spondingairloads,andcomparingtheinflowcomputedfromtheseairloads
by thismethodwiththeinitiallyassumedvalue.(A~st oftrigono-
metricfunctionsfoundusefulinthepresentanalysisisgiveninappen-
dix.) Theloadhgcurvesoffigure17=e theresultbasedonthesame
flightconditionsofadvanceratio,rotorshaftticlination,andpitch
settingwhichwereusedto obtaintheexperimentalloadingcurvesof
figure11exceptthatnotip-losseffectshavebeenincludedinthetheo-
reticalanalysis.Thecomparisonoffigures17andH showsdifferences
ofmagnitudeandvariationalthoughnoneareverysevereexceptinthe
regionofthebladetip. llgure19 showstheresultsofthetheoretical
calculationsofinflowbasedonthetheoreticallyestablishedairloads,
forwh.ichtheoriginalvalueof A hadbeencomputedtobe -0.036and
hasbeenobtainedfortherepresentativespanstationsof x . 0.45,
0.65,tio.85. Becauseofsmalldifferencesinthevaluesof Ar ata
givenazimnth,onecmvewas drawntorepresenttheazimuthinflowdis-
tribution.SlightvariationsaboutAr= -0.036areshownparticularly
inthevicinityof ~. 3150.Thereasonforthismaybe therelatively
largeanglesofattackInthisneighborhoodandtheinadequa~ofthe c.
methodwhenanglescloseto stallareexperiencedby theblade.It C=
be concluded,however,thata reasonablyconstantvalueofinflowwas
obtahedoverthemajorportionofthediskand,therefore,theapplica-
tionofthismethodto experimentaldatacanbeexpectedtoyieldgood
results.Themethodwasputto furthertestby recomputingtheinflow
distributionwith30.percentreductioninthesecond-harmonicaeroi@amic
loadingcomponent.As canbeseeninfigure19,nomajorchangein
inflowresulted.

Effectofparametersoninflowcalculation.-A moreintensive
investigationoftheinflowcalculationmethodwasconductedwhich
involvedthecombinationsofexperimental-loading-theoretical-blade-
motiondata@ theoretical-loading-e~erimental-blade-motiondata.
Thenetresultispresentedinfigures20to 22. Theaverage.val.uesof
inflowinfigure20areseentobe aboutequaltothoseofthecorre-
spondingcurvesinfigures14and19,andtheinflowvariationis seento
be moreseverethanthatoftheory,figure19. Theintroductionof
experimentalblade-motiondataintotheorynecessitatedthecalculation
ofnewloadingcurves,sincethetheoreticalexpressionforloading
involwesblade-motiondata.Figure21 summarizestheloadingdistribu-
tion.Thevariationininflowthatresultedfromthecmibinationofthis
loadingandexperimentalblade-motiondatais showninfigure22. From
theconsiderationoffigures19,20,and22,itappearsthatanychange
fromtheconstantX assumptionoftheory,forexample,theintroduction
ofexperimentalloadingorflappingdata,resultsininflowdistributims
ofmuchlargervariations.

— ——— ..— .—.
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An errorinvestigationwasconductedin orderto establishthe
sensititi~oftheresultantexperimentalinflowdistributionsto
changescomparablewithpossibleexperimentalerrors.Figure23 shOws
changesininflowratio ~ forvariouschangesinflappingcoeffi-
cients,pitchsetting,loading,andlMt slope.Thespanstations
shownarethoseforwhichthechangeininflowwasa msMmmnanda mini-
mum. Itcanbe seenthatthemaximumiIlfiOWchangeOCCllrSoutboardand
theminimuminboard,sothatthedeltainflowvaluesforalltheother
spanstationsMe somewhereinbetween.Listedtitheachparameteris
thepercenterrorused,a positivesignindicatingincreasedvalues.
Figure24 iIlustiatesindetailthetypeofloadlngerror ~ taken.
A reduceddistributionofloadingwasused,inpart,to compensatefor
theincreaseinpresswevaluesduetotheamplitudedistortion.Itis
assumedthatno likelycombinationofthee~ors couldseriouslyalter
theinflowdistribtiionsoffigure14.

One-bladed-rotoroperation.-Theanalyzedone-bladed-rotordataare
presentedinfigures25to 27. Therotortestconditionsareidentical
to thoseofthetwo-bladedrotorpreviouslydiscussedthroughoutthis
Bection.Figures25,26,and27,therefore,aredirectlycomprablewith
figuresII,18,and14,respective~.As canbe seenf!mmtheseplots.
ofloading,totalliftvariation,andinflowdistribution,no serious
changesresultedfromtheremovalofonebladefromtherotor.ItiS
interestingto notethatthecaparativelylargedifferencesinloading
at %= 0° to ~= 90°,figures25andH, donotresultinverylarge
differencesininflowdistributionoverthisazimuthrange,figures27
and14. Therecordeddatafortheone-andtwo-bladedrotorsare
includedinfigures28E@ 29.

IHgh-tip-speed-ratiooperation.-Theresulteofthezero-offset
rotorconditionv = 0.50 arepresentedinfigures30’to33. Thereis
a markeddeviationfromsymmetricalloadingaroundthediskanda pre-
dominantsecond-harmonicliftvariatim,figures30 and31. b addition,
thereisa definitepositivevalueofaerodynamicloadingintheneigh-
borhoodof r/R= 0.50 and ~= 270° (fig.30)whichisnotexpected
at a tip-speedratioof w = 0.50.Negativeorclose-to-zerovalues
wouldappearmorereasonable.Itmaybepossiblethatthesepositive
valuesareduetoexperimentalerrorw thelackofsatisfactoryhigh-
freq.uency-responsectiac~isticsofthepressure-measuringsystem.
However,it shouldbe notedthattheremainderofthedatapresentedin
thisreportdonotindicatesuchapositiveloadingconditioninthe
regionofreverseflow.Theinflowvariationsoffigure32arevery
~eat anda verylargeupwashispresentintheregionof ~ = 90°
to 2250.Thegeneral-phenomenonofthedistributionis si.mi-tothat
showninfigure14.

. -. —. --— -—-— -—— . — —— -—. -- -— -— -——— -- -— --——



14 NACATN 992

Commrisonof zero-and

OffsetRotor

13-percent-offsetrotoroperation.- The
rotorconditionscorrespondingto the I.I= 0.30 and p = 0.50 zero-
offsettestswererepeatedusti a 13-percentflap@ng-hingeoffset.
Similartothezero-offsetpresentation,theanalyzeddataappearin
figures34to43. Theexpectedstrongfirst-harmonicvariationinload
isevidencedinfigures~ and35,aswellas infigures40 and41. Of
particularnoteisthecomparativelylargeforwardandrearward hub
momentindicatedby thepeakingoftheloadcurvearound~ = 150° in
figures35andkl. Thisis characteristicofalltheoffsetloaddata
obtained.Theloadingconcentrationonthediskintheneighborhoodof
~= 150° (fig.36)andthegeneralappearanceoftheMnes ofequal
loadingarecompatiblewiththepreviouslyrecordedoffsetdataat
v = 0.22 inreference5. Theinflowdistributionsoffigure37are
verydifferentfromthecorrespondhgzero-offsetdistributions(fig.14).
Thereisa definitechangefromupwashtodownwashintheticinityof
$=%”, ashifttmwd ~. 180° oftheinflowpeaks,anda noticeable
reductioninmagnitudesofinflow.An approximateaxisof symmetry
a~earsto existaboutthe ‘+= 6° to240°line.The ~~ valuesof
bothrotorssrethesame.Thedifferenceinazimuthofmaximuminflow
canbestbe seenby comparingfigure38withfigure15. The v = 0.50
inflowdistributionsof“figue 42 resetilethoseofthelowertip-syeed
ratio (V= 0.30).Theonlymajorchangeis seentobe inmagnitude.
It shouldbe realized,ofcourse,thatloadUstributionswhichwere
measuredfortheoffsetrotorwouldbe quitedifferentif sufficient
cyclicpitchwereempl~edtoreducethehubmomentsto zero. M fact,
ifthehubmomentswerecanceledby cyclicpitch,therotorconditions
wouldineffectbe equivalenttothezero-offsetcaseandtheresulting -
loaddistributionstherefaewouldbe thesame.

W@ -tip-speed-ratiooperation.- Thethirdoffset-rotorcondition
analyzed(V= 1.0) ispresentedas spanwiseloading,totalliftper
blade,andinflowdistributionplots,figures44 to47. Therotorvalues
oflZ. -150md Ao= 17° wereselectedforthishigh-tip-speed-ratio
operation.Considerablebladestallresultedintheretreatinghall?of
thedisk.Theplotsoffigures44 and45,therefme,necesssril.yinclude
stall.Althoughtheinflowdistributionsoffigure46 areincomplete,
somenoticeabletrendsarepresent.Theinflowappearstobe compara-
tivelystronganduniformfortheadvancingpartofthedisk.Subtracting
thefldghtcomponentv sina fromtheinflow,it canbe qeenthatthe
remaininginducedportionoftheinflowis quitesmallinthisarea;this
isexpected.Thelargeupwashshownfortheotherhalfofthediskis
indicativeofthenegativeliftpresent.

Considerationofexcessivestallud CYClicPitch.-Someinterest
hasbeenexpressedabouttheeffectofexcessivestallandCYCMCpitch
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onloadingdistributions.Therotorconditionof w = 0.30 and
E = 0.13 wasthereforemdifiedto includedeliberatestallandcyclic
pitchastwoofthe
resultingdatafrom
sta~ (fig.48)are
rotorconditionof
(fig.~). Without
itwasdifficultto

Figures51and

teststobe analyzed.l?igures48 to~ includethe
thesetests.Thevaluesofloadingfordeliberate
seentobe abouttwicethosecorrespondingtothe
v = 0.30, E = 0.13, ~ = 8°, and CL=-5°
directmeasurementofeitherdrag,lift,orpower,
determinetheextentofthestallcondition.

52 showtheresultsofintroducing3° ofcyclic
pitchintotherotorconditiondescribedinfigure~. Theeffectof
thecyclicpitchonpitchsettingwastoreducethelatter3°at
+ = goo. TherotorangleofattackisrefeYredtothe&adsofno feath-
eringwhichaccountsforthechange&ram a = -5°to -8°. AS canbe
seenfromfigures51and52,theintroductionof cycEicpitchcauseda
reductioninloadingandLift,asmightbe expectedfromtheresulting
decreaseinbladeangleofattackintheadvancingpartofthedisk.
Theinflowdistributionresultingfroman introductionof3° ofcyclic
pitch(fig.53)is seentobe similartothatobtainedwithoutcyclic
pitch(fig.37). Theregionofupwashoffigure53 isapproximately
thesameasthatoffigure37whentherespective~ues of w sincc
areconsidered.Thecharacteroftheinflowcurves,inbothcases,is
chieflyduetothepresenceoftheoffsetflappimghinge.Supplementary
studiesofoffset-rotorbehaviorandexperimentalrecordsofotherrotor
conditionsareincludedinappendixesB toD. Itishopedthatthis
additionalinformationwi12aidintheun.derstsmdingofthechangein
inflowdistributioncausedbytheintroductionofflappingoffsethinges.

CONCLUSIONS

Inflowdistributions,azinmthandspanwise,weredeterminedfrom
measuredpressuredistributionsandblade-mutiondataona modelhelic-
opterrotorbladeunderhoveringandsimulatedforward-flightcon~tions.
Pressureandcorrespondingbltieflappingwererecordedforvariousrotor
conditionsattip-speedratiosof0.10to 1.00.Bothzero-and13-percent
flapping-hinge-offsetMftingrotorsweretested,withno cyclicpitch
usedtobalanceoutthehubmomentsresultingfkomtheuseofoffset
binges.Onthebasisoftheexperimentalandthecmeticaltreatmentspre-
sented,thefollowingconclusionsmaybe drawn:

1.Reasonableagreementwasobtainedbetweenhoveringinducedveloc-
itydistributioncalculdedfromtheoryandthatderivedfromrotor
bladepressuremeasurements.

2.Althoughthepressuredatafortheforward-flightzero-offset
rotorconditionshowthepresenceofa second-hmnoniccomponent,itis
nota majorfactorintheconsiderationofinflowdistribution.

.——— .. .- ... .———— . ~— .——. .—. .— --— —— ———
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3.Theexperimentalresultsofthisinvestietionshowlinger
inflowvariationsthanwerepredictedby them; however,previous
indicationsofupflowovertheforwardportionoftherotordiskand
relativelylargeinducedvelocityatthetrailingedgewereverified.

4. Theinflowcontourplotsindicatedifferentdistributionson
theadvancingandretreatingsidesoftherotordisk.An approximate
axisof symmetryappearsto existaboutthehe fromazimthangles330°
to ln” forthezero-offsetconditionandaboutthelinefromazimuth
angles60°to 24-0°forthe13-percent-offsetcondition.

5. Thezero-offsetand13-percent-offsetrotorsoperatingunder
thessmeconditions,exceptforthepresenceofhtimcmentsinthe
offset-hingecase,arefoundtoprcduceinflowpatternswhichdiffer
a~reciablyingeneralcharacter.

6. Resultsoftestsona modelrotorhavinga 10-percentflapping-
hingeoffsetindicatethatata giventip-speedratiolargevariations
inbladefla~imgoccurwithchangesinblademassconstant.

MassachusettsMtitute ofTechnology,
Cankmidge,Mass.,October7, 1953.

——
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APPENDIXA

liWANSIONOFTRIGONOMETRICFUNCTIONS

ENCOUNITRIDINHELICOPTERANAIXSIS

Thefollowinglistoftrigonometricrelationshipswhichwerefound
usefulinthepresentanalysisandwhichfrequentlyappearinhelicopter
workaregivenforconvenientreference:

sin% = 1/2(1- cos2@)

sin@ sin2@= 1/2(COS@ - cos3@)

sin@ sin3@ = 1/2(COS2$- cos4@)

sin@ sin4@ = 1/2(cos3@ - cos5f6)

sin$ sin5$= 1/2(COS4$ - cos6$)

sin@ sin6#= 1/2(COS5@- cos7@)

sin3@=lfi(3sin@-sin3@)

8Sinl$= -;cos2@+~cos4$

sin5@=~sin@-$sin 3@i-~sin5@

%sin sin

sin% sin3#=

-. — -.. — —— —- —— —-— .——. — .—— — .— —— —–. —–.
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Sin$if sin 3$ = - 3.in~+g8in3@-~=in5#+~Bin ~fj

Cosq = 1/2(1+ Cos2@)

Cos$ Cos2$= l/2(Cos$ i-Cos3$)

Cos@ Cos3fi= 1/2(Cos2#+ Cos4@)

Cos@ Cos4@ = 1/2(Cos3$-1-Cos56)

Cos@ Cos5@= 1/2(cos4@+ COS6@)

COS@ COB66= 1/2(Cos5@+ Cos7@)

COS3$= 1/4(3Cos$+ Cos3$)

cos4@= ~ + : Cos2$+ ~ ~os4#

cos?#= $Cos $+~cos 3j?&cos 5$

Cosq”cos2#=~+~cos2@+~cos4$

.

.
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COS3ffCOB3@= ~+ ~ COS 2fl+ ~ COS4@ + ~ COS6@

cos4@cos2@=3+~cos @+;
4 16

COS4$ -i-~ COS6fl
16

cos4# Cos3@= & Cos$ + ; Cos3g + $ Cos5fi!J+ $ Cos7#

cos@sin 2@= 1/2(sin3@+ sin#)

cos@ sin3@= 1/2(sin4@+ sin2@)

cos@ sin4@= 1/2(sin5@+ sin3@)

cosflsin5@ = 1/2(sin6@+sin 4@)

cos@ sin6@= 1/2(sin7@+ sin5@)

sin@

sin@ cos

sin@ cos

sin@ Cos

sin@ Cos

Cos$ = 1/2sinZ@

2#= 1/2(sin3@-

3@ = 1/2(sin4~ -

4@ = 1/2(sin5@ -

5@ = 1/2(sin6@-

sin@)

sin@)

sin3fif)

sin4@)

. .. . . — — —
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Sin$ COS6@= 1/2 (Sti @ - SiJl 5jf)

sin2$Cos@ = 1/4(Cos$ - Cos3@)

sinycos 2#=-~+$cos2@ -~cos4@

Sidfl Cos # =@n2@-&in4$

sin3@cos2@=-; sin$+ &n3j$-&r15@

sin4#cos2$=-~+&cos 2#-~cos4@cos6@

cos2gsing = 1/4(sinfl+ 3@)

cos2#sin2@=&in2#+: sin4@

.———— —.. —... ——-—
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sln2$cos#sin 2@=~sin@ +$sin3@-~f3in5@

sin3~cos@sin2$= ~-& cos@-~cos4#+~cos6@

sin3$cos@cos2j$=-&sin 2@+~sin4@-~sin6@

cos fl sin$ sin36 = 1/4 (cos fl - cos 5@)

cos@n@cos2@in4d

cos fifsin# coI33$ = 1/4 (sin 5$ - sin $)

-–——.—. .— --— .—. — - ,— -— --—————. ..—. —
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APPENDIXB

KKAIYSISOFAN OFFSEIIFIJiW?INGBLADE,

INCIDIXCNGREVEREWFLOWEFFliWE

Sincea considerablesmountoftheworkinthisreportis concerned
withoffset-rotoroperationathighadvsnceratios,ansnalysishasbeen
carriedoutforthisconditioninordertoprotidea betterbasisfor
comparison.Theprevioussnalysisof anoffsetflappingbladedeveloped
inreference4 neglectedtheeffectofreverseflow.Thepresentanalysis
includesreverseflowsndappliestheresultsto obtslna comparisonwith
thepreviousanalyticalstudyandtests.

Derivationofflappingcoefficients.-Considera rotorbladehaving
a flapping-hingeoffsetwhosedistanceis e frmnthecenterofrotation.
Theforcesactingon suchabladeareshowninthefollowingdiagram

I
I

\
Flappinghinge

I
* (x - ~)R~~

Theequilibriumofmomentsabouttheflappingl&ge isexpressed
by thefollowingequationwhichincludesreverse-floweffects:

JT2332Q2(X. E)p + (x- E)%%]amb
E

(1)

Theme*h&lofanalysisfollowsthatofreferencek. excetithatit

me right-hand
becomes:

isnecessaryhereto includethesecandharmonicinthe’expre~sionfor-
bladeflapping.
inertiamoment,

sideofequation(1),representingthe

.

.

-—.. .- .———
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~ = fR2J~x - E)2(~- al cos * -b-J-sin$-a2cos2y -b2sin 2*)-t. ,

(4)

Equation(2)thereforebecomes

%(3 - {)COS2Y+ b2(3- g)s~ ~ (5)

h treatingtheleftsideofequation(1)an approximationis
introducedby chsngingthelower~t’ ofi&egrationfrom ~ to O.
Thisisdoneto facilitatetheprocessof
seriesthatareobtainedfromeachofthe
Let

conib~ thetwoFourier
twoaerodynamicmomentterms.

-p sin *
~ = JO1(X-.5)RdL-2

J
(X- ~)RdL=&t +l&” (6)

o

wheretheseries~ t isapplicableintheentireregionO to ~,

d %“ i’sapplicableor.il.yfrom n to ~. NOW

“1dL=~ [ 1Pam‘T2+%UTm (7)

——..—.——.. — ._. ._. ... .. . ..._ . --. .--— —
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.

uT=m[x+psti*]

Equation7 becomes

r
&= 1*pa.$FR3A.o(x2+ * sin I+-+ V2Sti2*) .

2pxsin2~+ p2sin34)+ A(x+ p sin~) -

L%$--m-$lcosqr

B-&sin * +

x(x- ~)a~ sin* +

2x(x- ~)b2COS~ -

(8)

(9)

(10)

(11)

.

“

.

(12)

—..——. —. ——. — —
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Retainingtermsthroughsecondharmoniconly,equation(12)hecames

A(X + p sin*)-

Let

p%~ 1‘2%sin 2$ ax—cosl+r ——
4 2

25

(13)

If a uniformbladeisconsidered,thefollowingintegralsareuseful:

J1
E= (x-~)ax=:-~

o

> (14)

. .— . ...— —. —— . .. .. —-— ———
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The expressionfor I&’ thenbecomes

NACATNAf32

[
( -;)+2b#jcos a-}-Ao$E + VBIC+ walC (15)

expressionfor ~“ isobtainedby consideringthefollowing
integrals,whichresultfromtheassumptionof a uniformblsde:

Jo

J-psin~c’=” (x-~)xdx=
o

Jpsin~
D’ = (x-g)~dx=

o

r-ILsinyB’ = (x- ~)X2dx = $ sink~+ ~ sin3*

}(1(5)

———— . —— .— —
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Itisnecesssryto substitutethevaluesoftheseintegralsinto
theexpressionfor dL sincetheycontaintrigonometricfunctions.
Usingthenequation(12),theexpressionfor I&” becomes

~“ _ -2 -vsin~

J
[( )

(x- ~)RdL=-y~&~4sin44+~sin3$ -1102 1102 ~

( )( )
B1 1 4 in5~+~sin4~ + A$sin3~+~sin~ -~ps

(

~4
~ ~ sin3ycos~ + ~ sin% cos y

H

~4 ~5q +-al—s
4

$ sin4~-$ sin3$-+ $ sin3~cos~ -$ sin3~cos~ -

4
$w3g sin3~cos~ - p2~2sin% cos~ + .& sin3~cos4 sin~+

]
$ sin% Cos$ sin~ (17)

Retainingtermsthroughthesecondharmoniconly,equation(17)becomes

— —— . .... _____ .—.._ —-— . ——— — -—
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~+@- 1Cos2$) -

~3 3
+

Cos2-$
)

.-— -
68 2

.

(18)

Collectingterms,theexpressionfor ~“ finallyisobttinedasfollows:

(19)
.

—-- — —



ThetwoFourierseriesgiveninequations(1>)and(19)arecom-
bined,inaccordancewithrelationshipsgiveninreference10,toyield
a serieswhichisapplicabletotheentireregionofthediskfrom.O
to 3i. Correspondingtermsofthisseriessadthatgiveninequation(5)
areequatedto obtainthefollowingexpressions:

(2~(l+~)=~B+$E-
)(

4+o.15$313E +P @c+&
)

o.0331p4+

‘( IA )(+0. @13+a !Q- )3 3fj+ 0.23~2E2+ o.04@4 +AC!——
4 12~~

(

2~
b ~-$ ~~ + 0.29~3E24

)
(20)

-2a1~
— = EL&@- ( )(0.03541.L4)i- blA + $ E + 0.03~3~ + ~ ID - gc+

7

)
o.w8@4 + o.424p2~2 (21)

( ~3
AWE+ 0.42iI.L2E- ~

)(
+al TA+ $! + o.318j135 3 22-pE “

(22)

(23)

-—. . _._— ..— -—.—— —— .——— -—..—- . —— ______ .. . .. ___
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The higherharmonics ~ @ b2 srenowdroppedandtheanalysis

continueswiththesteady-stateandfirst-harmonictermsonly.Itwas
necesssryto carrythehigherharmonicstothispointtotakeaccount
ofreverseflowsatisfactorily.Theequationstobe solvedcuethen
written

where

(25)

(26)

(27)

.—. —



Thesolutionsofequationa(25)canbewritten

(a)

(3U

Applicationoftheo~ andCOmparisenwithexperiment.-A calculation
ofblsdeflappingcoefficientswascarriedoutusingthetheorydeveloped
inreference4 andthepresenttheorywhichincludestheeffectsof
reverseflow.Theparsmsterschosenforthiscomputationare ~ = 0.20,
y = 4, CT/cr= 0.10,Ao = 8°,and B1 = O. Valuesofthefirst-harmonic
bladeflappingcoefficientsme plottedinfigure55. Thesolidline
indicatesthecoefficientsresultingfromtheapplicationofthetheory
whichneglectsreverseflow.A calculation,usingthemodifiedtheory,
wa8madeat K =0.60 ando.go.Theresultsareshownaapointsplotted
inthessmefigure.Datafromexperimentaltestsarealsoshowninfig-
ure55. Additionalblsdeflappingtestdataaregiveninfigure56 for
thesamerotorbutatvariousbladepitchsettings.Itisinteresting
to notethereversalinvaluesofthe al coefficientforincreasing
valuesofblsdepitch.Thisisnotsoforthe bl coefficient;however,
thechsngein bl from Ao’120
& = 8° to WO. Consequently,at

pi~ w ‘ems ‘0 ‘eve’,,

to 16° is lessthanthechangefrom
a givenvalueof p,thetotal.flap-

offwithincreasein Ao andthe

—_____________ —-. .——— —. ———
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azhuthofmsximumflappingshiftsin sucha rmnnerthatrotorpitchis
exchangedforrollathighervaluesofpitchsetting.

A nuniberofconclusionscanhe drawnfromtheplotoffigure>5.
Althoughthetwotheoriesdonotshowa largedifferencebetweenthe
predictedvaluesof al,thetheorywhichtakesaccountofreversefluw
tendstobe closertotheexperimentalresults.Verylittledifference
inthetheoreticalvaluesof bl isindicated.Thedifferencesbetween
thetheoriesarenotsufficienttormdt theuseofthereverse-fluw
theprysolongasthecurrentassumptionsandapproximationsareused.
Ihallcases,lessbladeflappingmotionwasobtainedexperimentally
thanWaSprediCtedby theory.Thisobsemationisborneoutby previous
testsonanothermodelha- a lowblademassconstantof1.8anda
13-percent-offsetflappinghinge(ref.4).

A satisfactoryandcompleteexplanationofthediscrepancybetween
theoreticalandexpe~tal resultsisnotpresentedherein.However,
theauthorsfeelthattunnelwallsmsyhavehadsomeeffectuponthe
rotorblsdem&ion. This,coupledwitht% assumptionh thetheory
thattheinflowisconstantanduniformindistribution,maysuggesk
somereasonsforthedatanotbeinginbetteragreement.

.

——— _. -—— ———c
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APPENDIXc

lEiP~ INVESTIGATIONOFFORC133ANDMWENTSONA TYPICAL

OFFSEZMODELROTORANDA COMPARISONWITHTHEORY

A seriesoftestswereconductedintheWrightBrothers
atM.I.T.forthepurposeofobtxxhingforceandmomentdata

windtunnel
on a typi-

calliftingoffsetrotorathightip-speedratios.A flapping-hinge
offsetof 20percentanda blademassconstantof4 wereselectedas
representativeofpossiblefull-scaleapplication.Theadditionalcon-
stantrotorparametersofthetestwere R = 2.19feet, u = 0.073,snd
flR= 137feetpersecond.

Thewind-ontarereadingsoftheforcesandmomentsobtslned
inclqdedallofthetunnelrotorsystemexceptthetwoblades.The
gravitytaresforthebladesalonewerenegligible.Abladepitchvsri-
ationof8°,10°,12°,and14°wasusedateachtip-speedratioof 0.45,
0.60,0.75,and0.90.Forconvenienceoftesting,thrustsndHft were
assumedequal,and,forconqmrisonofdata,theliftwaskeptconstant.
Thetestprocedureinvulvedvsqingtherotorangleof attack~ until
thepredeterminedvalueof liftwasobtainedcorrespondingto a CT/u
valueof0.10.However,becauseoftheunusuallylargelifttares
experienced,thecorrectedCT/U valuevariedfrom0.10at p = 0.45
to 0.07 at p = 0.90.A ~ rotorangleof attackof-13°occurred
atp= 0.45,,forAo = 14°. Iggeneral,therotoranglesof attack
requiredfor constantlift’tincreasedtithincreasingpitchsettings
smdvariedslowlyoverthersngeoftip-speedratios.

Thedataobtsinedonthesix-componentbalancewerereducedto
coefficientformsndplottedinfigures57 and58. Itshouldbe
emphasizedthattheforcessndmomentsarethoseproducedby therotor
blsdesalone,sincetheeffectsofmotordrive,supportstructure,and
hulhavebeentakenintoaccountinthereductionofthedata.The
momntsarethoseaboutthecenteroftherotorhub.

Themostsignificantfeatureoffigure58 isthedifferenceinchar-
acterandmagnitudebetweenthepitching-androlling-moment-coefficient
curves.Thepitching-moment-coefficientvaluesme relativelyhighand
varymoreslowlywitht~p-speedratiothsmdothecorrespondingrolllng-
momentvalues.Thecorrespondingvariationofmomentswithtip-speedratio
is showninfigure59,wheretheexperimentalmomentvaluesarecompared
withthetheoryfromreference4. Thesignsofthepitchingsndrolling
momentsaresuchthattheresultantsteady-statehubmomentMes inthe
secondquadrant.Thisiscompatiblewiththeoffsetdataof appendixB.

.. .— —.— . —... ..—.— .-..._ .——. . . —.
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Althoughbetter~eement isindicatedinthecaseofpitchingmoments
thaninthecaseofrollingmoments,neithershowsreason~leagreement.
Betteragreementprobsblywouldhaveresultedhadreverseflowandstall
effectsbeenincludedinthetheory.

Iftheresultanthubmomentsareconsidered,itisfoundthatthe
sgreemntbetweentheoryandexperimentis@roved. Sucha comparison
is showninfigure60 forbladepitchsettingsof8° and12°. Ingen-
eral,whereverthereis a siz~ledifferenceinmoments,thetheory
appearstobe consenative.

——.. — — —.



NACATN 3492

‘APP~lXD

35

EXP~ WORDS OFOTHERROTORCONDITIONS

!lherawdataincludedinfigures61to71 covera wider~ge of
tip-speedratioforvariousrotor-shaftangleandblade-pitchcombi-
nations.Itisfeltthatthevaluesselectedarerepresentativeof
possiblefull-scaleapplicationand,therefore,thedataindicate
pressuredistributionsforhelicopterforwsrd-flightoperationabove
a tip-speedratioof0.10. .

A tip-speed-ratiorangeof0.10to 0.40isincludedforboththe
zero-and13-percent-offsetrotors(figs.61to68). Sincetheoper-
atingconditionsoftheserotorswereidentical,thesedatamaybe
compareddirectly.Examinationoffigures61to68 showsthatthe
strikingdifferencebetweenthesesetsofdataUes inthepredominant
harmonic. Thezero-offsetdatashowstrongsecond-harmonicpressure
variationswhilethecorresponding13-percentdatashowstrongfirst-
harmonicvariations.Thisdifferenceispresentin allthepressure
datarecorded.Thata strongsecond-harmonicvariationispossiblein
thecaseofthezero-offsetrotort,isdemonstrated@ thesection
entitled“ResultsandDiscussion.Reference5 explainstherequire-
mentfora lsrgefirst-hsrmonicvariationinthecaseof a rotorwith
offset.

At a tip-speedratioof0.60,dataareincludedfortwoconibinations
of a and ~. Thefirstconibinationof u.=-lo luld~=120 was
tabn ata rotorspeedof800rpnqthesecondconbtiationof a = -15
smd~= 170 wastakenat500rpm. Thrustmeasurementswerenotmade,
butfromconventionaltheorythecorrespondingvaluesofthrustsre
18.3poundsat800rpmsnd10.4poundsat500rpm. ‘)?hereSUltingCT/~
valuesare0.146and0.203,respectively.AS smatterof check,both
conventionaltheorysndexperimentalresultswereusedto findthe CT/U
valuefortheoneconditionat p = 1.0, a.-l5, ~. 170,and500rpm.
Theagreementwasverygood;a theoreticalvalueof cT/a= 0.314was

“ obtainedagainstthee~erimentalresultof0.302.Thisrepresentsa
rotorofsubstantialldft.The~inghigh w rotorconditionpre-
sentedwastestedat w = 0.80,a = -15°,and Ao = 17° andthecorre-
spondingtheoreticalvalueof CT/U is0.23.The~ove rangeoftesting
wasconfinedtothe13-percent-offsetrotor.

Itiswellknownthatthebladeloadforthezero-offsetrotoris
comparativelyconstantwithazimuthsnd,consequently,the CT/U value
forthisrotorconditionisindicativeoftheloadon abladeatany

_——.—__ ..—_ __ _. --- -—-— ——-.—— .
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azhuth. However,withtheoffsetrotorthisisnotthecase.Because
ofthelargeaerodynamicfirst-hazmonicvariationinbladeloadthe
CT/u qusntityno longerrepresentsactualbladeloaibbutratherthe
averagebladeload.As a consegpence,itispossibletohavereasonable
valuesofbladeangleof attackintheretreatinghalfofthediskeven
thoughthevalueof.CT/a isunusuallyhigh.

.
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